DIABETES IS A DISEASE that affects millions of people worldwide, and its prevalence is growing. The significant increase in the annual incidence of diabetes mellitus in the past 30 years indicates that this chronic disease is a growing public health concern (13, 18) . Animal models of diabetes provide an important means by which to study disease pathogenesis, progression, sequelae, and various treatment options. Nonhuman primate models are particularly relevant because of their close genetic and physiological similarity to humans.
One of the common models of diabetic induction is selective destruction of beta cells with the chemotherapeutic agent streptozotocin (STZ). STZ is a well-known diabetogenic drug consisting of a methyl-nitrosurea group linked to D-glucose. It selectively destroys pancreatic beta cells by DNA alkylation and depletion of NAD (15, 22) . It is commonly used to induce a diabetes-like condition in rodent models, as well as in several species of Old World nonhuman primates (OWP), including cynomolgus macaques, rhesus macaques, vervet monkeys, pigtailed macaques, and baboons (2, 11, 23) .
Here we describe a pilot study designed to investigate the potential to develop a New World primate (NWP) model of diabetes by chemical induction with STZ. An NWP model would have several advantages over OWP models: ease of handling, reduced space requirements, and decreased risk of zoonotic disease exposure. The diabetogenic potential of STZ in the common marmoset, an NWP routinely utilized in biomedical research, was examined. STZ proved to be ineffective at inducing sustained elevations in blood glucose in the marmoset, resulting in our hypothesis that there exists a natural species-specific variation in the susceptibility of pancreatic islet cells to STZ-induced toxicity.
Numerous studies have shown that the action of STZ is dependent on the action of the GLUT2 glucose transporter (2-5, 9, 17) . GLUT2 is 1 of 11 identified glucose transporters (GLUT). The class I facilitative transporters, GLUT1, GLUT2, GLUT3, and GLUT4, differ in their kinetics, tissue expression, and glucose specificity. GLUT2 is a low-affinity transporter with a high K m , so it is expressed predominantly in kidney, pancreas, and liver to allow fast equilibration of glucose (and subsequent release of insulin) with a constant number of receptors (20, 24) . The glucose moiety in the structure of STZ interacts with the GLUT2 transporter, facilitating transport into the cell. GLUT2-knockout mice are not susceptible to STZ (9) . Similarly, species with low GLUT2 expression in their pancreas, such as humans, are highly resistant to the diabetogenic effect of STZ (5) . Various studies have shown that the degree of GLUT2 expression in pancreatic islet cells correlates to the dose of STZ needed to induce diabetes, with higher GLUT2 expression corresponding to lower necessary doses (2, 5, 9) .
We suggest that the inability to induce diabetes in common marmosets may be due to species-specific variation in GLUT2 expression in the pancreatic islets. In an effort to investigate this hypothesis, we used immunohistochemical methods to study GLUT2 expression in various species of primates, including common marmosets, cotton-top tamarins, squirrel monkeys, owl monkeys, vervet monkeys, cynomolgus macaques, and rhesus macaques. 2 . An additional dose of 120 mg/kg was administered to marmosets C and D on day 105, which brought the cumulative dose for marmosets C and D to 3,000 mg/m 2 and was designated high-dose STZ. After each STZ dosing, 0.9% NaCl was administered intravenously at a rate of 5 ml/h for a total of 10 ml. Hand-caught marmosets were lightly sedated with ketamine, and blood samples were collected by routine phlebotomy techniques. All samples were collected in the early morning before feeding but without an overnight fast. Blood glucose levels were assayed using an i-STAT hand-held blood chemistry analyzer (Abbott Point of Care, East Windsor, NJ). Baseline blood glucose ranges were established on the basis of samples collected from study animals at four to six time points: 147.03-241.85 [194.44 (SD 47.41)] mg/dl. Animals were euthanized by intravenous pentobarbital sodium overdose for evaluation of histopathological changes in pancreas, liver, and kidneys.
MATERIALS AND METHODS

STZ treatment in common marmosets
Case selection and tissue samples. Archival, formalin-fixed, paraffin-embedded tissues from 55 animals were included in this study. All cases had been previously submitted for necropsy at the New England Primate Research Center. Samples were chosen on the basis of species, age, and histological identification of pancreas, kidney, and brain without evidence of significant pathology or autolysis. Sections of pancreas stained with hematoxylin-eosin were additionally screened and excluded on the basis of the presence of pancreatic islet amyloid deposition. Species examined included common marmosets (Callithrix jacchus), cotton-top tamarins (Saguinus oedipus), owl monkeys (Aotus trivurgatus), squirrel monkeys (Saimiri sciureus), rhesus macaques (Macaca mulatta), cynomolgus macaques (Macaca fascicularis), and vervet monkeys (Cercopithecus aethiops). Three to four animals per species were selected, and the pancreas from each animal was evaluated for GLUT2 expression. Kidneys were examined in a subset of animals. For evaluation of variation in GLUT2 expression by age, 21 marmosets and 13 rhesus monkeys of various ages were examined. Samples were chosen to include the following age classifications: neonates, infants, juveniles, adults, and aged adults.
GLUT2 and insulin immunohistochemistry. For GLUT2 and insulin immunohistochemistry, 5-m sections were deparaffinized in xylene, rehydrated in graded alcohol, and rinsed in distilled water. Sections were incubated with 3% hydrogen peroxide for 5 min to block endogenous peroxidases and rinsed in Tris-buffered saline for 5 min. For GLUT2 immunostaining, heat-induced epitope retrieval was accomplished by 20 min of heating in a microwave oven; then the samples were cooled for 20 min and rinsed. Nonspecific antigen binding was blocked by incubation of slides for 10 min with a commercially available protein blocking solution (Dako Cytomation, Carpinteria, CA). Slides were incubated for 30 min with rabbit anti-GLUT2 polyclonal antibody (Chemicon International, Temecula, CA) at a dilution of 1:5,000 or rabbit anti-insulin polyclonal antibody (Dako Cytomation) at a dilution of 1:150. Rabbit immunoglobulin fraction at a dilution of 1:15,000 for GLUT2 or 1:288 for insulin was used to stain irrelevant control slides. Sections were washed for 5 min and incubated for 30 min with biotinylated goat anti-rabbit immunoglobulins at a dilution of 1:200. Color was developed for 30 min using freshly prepared ABC Elite solution (Vectastain Elite ABC Kit, Vector Laboratories), and diaminobenzidine tetrahydrochloride dihydrate was applied as a chromogen, as previously described (8) . Sections were counterstained with Mayer's hematoxylin, dehydrated through graded ethanol, and cleared in xylene, and coverslips were applied.
Immunohistochemical evaluation. Sections were visualized for determination of positivity and scored using an ordinal scale. Within pancreatic islets, the scoring system was based on the number of GLUT2-positive cells within pancreatic islets. A negative score indicated a lack of staining in the vast majority of islets examined. A score of ϩ corresponded to few or scattered positive cells in occasional islets, ϩϩ to samples with moderate staining in most islets, and ϩϩϩ to samples with strong staining in all islets.
A similar system was used for kidney sections, with a negative score indicating no observed staining, ϩ corresponding to weak or scattered staining, ϩϩ corresponding to moderate staining in localized areas, and ϩϩϩ corresponding to strong staining in most areas. The scorer was blinded to the species of animal at the time of scoring.
Staining of cerebral neurons and/or myenteric plexus neurons was used for positive control tissue (21) .
RESULTS
High-dose STZ treatment required to induce sustained hyperglycemia. Although marmosets treated with low-dose STZ (cumulative dose 1,440 mg/m 2 ) demonstrated higher mean blood glucose levels over the course of treatment, increases in blood glucose were not sustained. Low-dose STZ-treated animals demonstrated a mean blood glucose of 272.10 (SD 86.24) mg/dl compared with the mean baseline value of 194.44 (SD 47.41) mg/dl (P Ͻ 0.0001 by 2-tailed Student's t-test). Animals developed measured increases in blood glucose that ranged as high as a maximum of 554 mg/dl for marmoset A and 381 mg/dl for marmoset B each on day 14 after dosing. Despite these increases, only 56.0% of measures were considered above the baseline blood glucose range for samples collected over the course of the low-dose STZ treatment.
Marmosets C and D did not develop sustained elevations in blood glucose following the moderate-dose STZ regimen, consisting of a cumulative STZ dose of 2,280 mg/m 2 . In fact, mean blood glucose levels were lower than baseline over the course of treatment until day 105, with treated animals demonstrating a mean blood glucose of 143.00 (SD 42.08) mg/dl (P Ͻ 0.00001 by 2-tailed Student's t-test). For the high-dose STZ regimen, a fifth dose of STZ was administered on day 105, resulting in a cumulative dose of 3,000 mg/m 2 . After this final dose, marmosets C and D demonstrated significant elevations Staining intensity was scored as follows: Ϫ, no staining; ϩ, ϩϩ, and ϩϩϩ, mild, moderate, and intense staining, respectively. NE, not examined. in blood glucose levels over baseline, with a mean of 360.63 (SD 135.06) mg/dl (P Ͻ 0.00001 by 2-tailed Student's t-test). This regimen was more effective for marmoset D, with 95.4% of values measuring above the baseline blood glucose range, than for marmoset C, with 63.6% of values measuring above the baseline blood glucose range. Blood glucose measures and STZ doses are summarized in Table 1 . The longitudinal trends in blood glucose following STZ administration are depicted in Fig. 1 .
Histopathology. For further investigation of the effect of STZ on renal and pancreatic pathology, marmosets A and B were humanely euthanized at 70 days after STZ administration. Marmoset C was euthanized at day 174 and marmoset D at day 157 after STZ administration. Complete necropsies and histopathological examinations were performed.
All animals showed evidence of renal tubular degeneration and necrosis characterized by marked anisocytosis and anisokaryosis of tubular epithelial cells, cytoplasmic vacuolization and cellular swelling, and desquamation of epithelial cells into tubular lumina (Fig. 2) . There was multifocal dilation of tubules and collecting tubules by cellular and proteinaceous casts. In two cases, mild lymphoplasmacytic interstitial infiltrate and multi- focal random mineralization of renal tubules were observed. In all cases, there was evidence of a regenerative response, including flattened tubular epithelial cells with plump nuclei and prominent nucleoli. The changes were more severe in the two animals that received high STZ doses at day 105 (marmosets C and D). The renal histopathological observations are most consistent with a nephrotoxic insult.
Animals also showed evidence of hepatocellular degeneration and necrosis characterized by severe multifocal hepatocyte vacuolation, anisocytosis and anisokaryosis with marked cytomegaly, individual hepatocytic necrosis, and focal areas of hemorrhage and neutrophilic inflammation. These changes were most prominent in the animals treated with high doses of STZ (marmosets C and D).
Pancreases from the treated animals were morphologically unremarkable. There was no evidence of necrosis, degeneration, beta cell proliferation, or islet inflammation.
Insulin staining. Pancreatic samples collected from all marmosets were immunostained with insulin antibody. Marmosets A and B showed diffuse, positive reactivity in islets, despite treatment with STZ, indicating that the insulin-producing beta cells were not destroyed by the low-dose STZ treatment. In the two animals that received higher STZ doses at day 105, marmosets C and D, insulin staining was retained but was less intense than that observed in the other animals (Fig. 3) .
Pancreatic GLUT2 expression between species. We examined 22 archived samples from a variety of nonhuman primate species, including common marmosets (n ϭ 3), rhesus macaques (n ϭ 3), cynomolgus macaques (n ϭ 4), squirrel monkeys (n ϭ 2), owl monkeys (n ϭ 3), cotton-top tamarins (n ϭ 3), and vervet monkeys (n ϭ 4), to determine species differences in GLUT2 expression.
Immunohistochemistry results comparing species differences in GLUT2 expression are summarized in Table 2 . All species showed staining in neurons of the cerebral cortex, which acted as a positive control. In New World monkeys, staining was nearly uniformly negative for GLUT2 in the pancreatic islet cells (Fig. 4) . In one tamarin and one owl monkey, there was occasional weak GLUT2-positive staining in scattered islets. In contrast, in most Old World species, staining was diffusely and strongly positive in islet tissue (Fig.  4) . The lone exception is vervet monkeys, in which staining was mostly weak in the islet tissue.
Kidney GLUT2 staining. All animals' kidneys (14 of 14) stained positively for GLUT2 expression, with the majority revealing moderate to strong signal. In most animals, the most intense staining was observed in collecting tubule epithelial cells, although staining was observed in proximal convoluted tubule epithelium as well in all animals (Fig. 2) .
Age group GLUT2 expression. Several studies in humans and rodents suggested that age is a factor in susceptibility to STZ, possibly related to changes in glucose transport with age (2, 19, 25) . Tissues from 21 additional marmosets of various ages were evaluated for pancreatic islet GLUT2 expression. Marmosets are generally divided into five main age groups: neonates (Ͻ1 mo of age), infants (1-6 mo of age), juveniles (Ͻ2 yr old), adults (2-7.5 yr old), and aged adults (Ͼ7.5 yr old). No GLUT2 staining was observed in pancreatic islet tissue of any of the animals.
In agreement with previous studies utilizing human and rodent tissues, GLUT2 expression varied with age in islet tissue from rhesus macaques. In general, GLUT2 expression was diminished in very young and very old animals compared with juvenile and adult rhesus monkeys, which showed moderate to strong GLUT2 expression (Fig. 4) . The results are summarized in Table 3 .
DISCUSSION
Our results suggest that pancreatic islet GLUT2 expression varies markedly between New and Old World species of monkeys and correlates well with observed species susceptibility to the diabetogenic effects of STZ. Low levels of pancreatic GLUT2 expression coupled with high levels of expression in renal tubules explains not only the apparent resistance to STZ demonstrated by common marmosets but also the renal toxicity. In these animals, blood glucose elevations were only seen in marmosets treated with STZ at nearly twice the effective dose used in cynomolgus macaques, while all animals showed histopathological evidence of acute renal tubular necrosis and hepatic necrosis, regardless of STZ dose. Additionally, staining of pancreatic islets with insulin antibody was only somewhat affected by STZ treatment, indicating that STZ was minimally effective at destroying insulin-producing pancreatic beta cells. The toxic side effects of STZ in this species outweigh the diabetogenic effects.
In contrast to the observations in marmosets, pancreatic GLUT2 expression was much greater in OWP and expression was greater in the pancreas than in renal tubules. There are a number of reports showing that OWP are susceptible to STZinduced diabetes, with minimal to no side effects at appropriate doses (2, 11, 23, 25) . At higher STZ doses, cynomolgus macaques are reported to exhibit severe renal tubular necrosis (2) .
It is likely that animals are able to compensate for subclinical renal damage at low STZ doses and regenerate damaged epithelium, whereas higher STZ doses result in irreversible Staining intensity was scored as described in Table 2 footnote.
damage. This theory is supported by the finding in humans that mild renal defects are reversible but more serious deficits due to continued drug treatment result in irreversible renal toxicity (22) . Although limited dose regimens were examined in the marmoset, because of the profound lack of GLUT2 expression in NWP islets relative to renal expression, we submit that the threshold for renal toxicity would be exceeded before that of the pancreatic beta cells. Subsequently, higher doses of STZ would result in renal tubular necrosis before any measurable and long-lasting increases in blood glucose concentrations. This lack of beta cell selectivity limits the usefulness of STZ in the species of NWP examined. It is surprising that mean blood glucose over the course of treatment was higher in the low-than in the moderate-dose STZ-treated marmosets. The moderate-dose STZ group also demonstrated a lower mean blood glucose over the course of treatment than at baseline. Possible explanations for this variability include alterations in blood glucose metabolism, alterations in food intake secondary to STZ-associated renal or hepatic toxicity, or increased loss of glucose into the urine through damaged renal tubular epithelium, resulting in glucosuria and decreased blood glucose. Because it is difficult to exclude confounding due to associated STZ toxicity, the usefulness of STZ for induction of a diabetes-like state in the common marmoset is limited.
Alloxan is another diabetogenic drug commonly utilized in animal models of diabetes mellitus. In contrast to STZ, alloxan affects the glucokinase transporter and GLUT2 transporter and causes beta cell death via the generation of toxic free radicals. However, prior transport into the cell via GLUT2 for subsequent redox cycling is necessary for this toxic mechanism. As with STZ, mouse GLUT2-knockout cell lines are highly resistant to the toxic effects of alloxan (3, 4, 6, 9, 10) . This similar mechanism of transport suggests that alloxan may also demonstrate a lack of effectiveness in NWP.
NWP and OWP diverged from each other ϳ35-40 million years ago and have undergone numerous taxonomic divergences within their respective groups. Humans and the great apes deviated from Old World monkeys much later, ϳ27 million years ago (14) . Surprisingly, responses of humans to STZ and GLUT2 expression profiles are similar to those of NWP, although they are more closely related to those of OWP (5, 25) . This implies that 1) there were two separate evolutionary events leading to a loss of pancreatic GLUT2 expression in NWP and humans or 2) OWP gained pancreatic GLUT2 expression after diverging from the human/great ape lineage.
Previous reports have also noted differences in STZ susceptibility depending on animals' age, with younger animals having decreased sensitivity to STZ's toxic effects (2, 19, 25) . Here, we show low expression of GLUT2 in the islets of very young and very old rhesus macaques compared with juvenile and adult macaques. This age discrepancy also explains the relatively low level of GLUT2 staining in islets from vervet monkeys. The only available vervet tissue was from aged vervet monkeys, and it is likely that younger animals would have shown stronger immunostaining for GLUT2. It is well reported that vervets are susceptible to the diabetogenic and toxic effects of STZ (12, 23) . Age should, therefore, play an important factor when animals are selected for diabetes induction using STZ or alloxan.
Spontaneous type 2 diabetes in the aged rhesus macaque is a well-described model and recapitulates many of the symptoms of diabetes in humans. Affected macaques begin to demonstrate evidence of impaired glucose tolerance, insulin resistance, and hyperinsulinemia at Ն10 yr of age, with a subset of animals developing reduced fasting insulin levels and progressing to overt diabetes (7) . Although GLUT2 expression is reduced in aged macaques, it is not known whether the metabolic changes associated with this naturally occurring type 2 diabetes would be exacerbated by the administration of STZ.
On the basis of these results, we propose that NWP are not an appropriate choice of species for STZ induction of diabetes. The toxic side effects of the drug and inability to induce sustained hyperglycemia preclude the use of STZ in this species. Although there would be many benefits to this model, the inability to induce diabetes in marmosets without undue toxicity and lack of transporter expression in squirrel monkeys, owl monkeys, and tamarins suggest that different agents, surgical pancreatectomy, or dietary models be should be attempted in these species.
Perspectives and Significance
Although nonhuman primate animal models of disease are highly beneficial because of their genetic and physiological similarity to humans, the phylogenetic divergences among groups of nonhuman primates contribute to significant speciesspecific differences. Here we have shown a wide variation in pancreatic islet expression of GLUT2 among OWP and NWP and suggest that this variation limits the usefulness of the STZ-induced diabetes model in the NWP. Although the NWP continues to hold promise as a model for the study of diabetes, further work should focus on mechanisms of glucose transport at the level of the beta cell in these species and on development of dietary models.
